[1] We used a suite of techniques, including those emulating compositional data sets obtained from Mars orbit and obtainable at the Mars surface, to examine aqueous alteration of basaltic rocks from Iceland as a mineralogic and geochemical analog for Noachian environments on Mars. A sample suite was collected for laboratory measurement of (1) whole-rock visible/near-infrared (VNIR) reflectance and thermal infrared (TIR) emission spectra; (2) VNIR and TIR reflectance spectra of particle-size separates derived from the bulk rock and from materials extracted from fractures/vesicles; (3) X-ray diffraction (XRD) patterns for determination of quantitative modal mineralogy; (4) major element chemistry using flux fusion of whole-rock powders; and (5) electron microprobe analyses of minerals in thin sections. Conclusions about aqueous alteration can be influenced by technique. For these basalts, whole-rock chemical data showed scant evidence for chemical fractionation, but TIR, VNIR, and XRD measurements identified distinctive assemblages of hydrous silicate minerals, differing by sample. XRD provided the most complete and accurate quantitative determination of sample mineralogy. However, VNIR spectroscopy was the technique most useful for determining composition of low-abundance smectite clays, and TIR spectroscopy was the most useful for recognizing hydrated silicates in thin surface coatings. High spatial resolution mineralogical and chemical data sets were useful for understanding the texture and distribution of alteration products and variations in fluid chemistry. No single approach provides a complete assessment of the environment of alteration, demonstrating the importance of employing multiple, synergistic mineralogical and geochemical techniques and instruments in exploration of rock strata from aqueous paleoenvironments on Mars.
Introduction
[2] Investigations of paleoenvironment in terrestrial geology benefit from the ability to employ multiple measurement techniques, including quantification of rock modal mineralogy, examination of small-scale petrographic textures down to nanometer-scale, and high-precision and spatial resolution geochemical and isotopic analyses. In contrast, geologic investigations of Mars' past aqueous environments occur in a comparatively data-poor environment. Bulk chemical data have been acquired at six landing sites, sometimes accompanied by thermal emission and Mössbauer spectroscopy or thermal gravimetric data for mineralogic information. Planetwide, thousands of discrete exposures of rocks with secondary minerals have been detected from orbit with thermal emission and visible/near-infrared reflectance spectroscopy [Christensen et al., 2001; Bibring et al., 2006; Murchie et al., 2009] . Consequently, much interpretation of Mars' paleoenvironmental conditions relies on these remote sensing data sets.
[3] Expertise in the interpretation of remote sensing data sets can be acquired via examination and subsequent verification of spectroscopic data sets from terrestrial analog sites. Most recent investigations of Mars-analogue sites have focused on sulfurrich, acidic systems likely typical of Hesperian (3.1-3.7 Gyr) Martian environments, e.g., the Hawaiian volcanoes, Australian acid lakes, and Rio Tinto, Spain [e.g., Morris et al., 2005; Fernández-Remolar et al., 2005; Schiffman et al., 2006; Benison et al., 2007; Hurowitz and McLennan, 2007; Seelos et al., 2010; Hamilton et al., 2008] . We have undertaken a study of the alteration of basalt lava flows in Iceland as a potential mineralogic and geochemical analogue for neutral to alkaline pH alteration of the basaltic terrains of Noachian Mars.
[4] Hydrated silicate minerals, specifically Fe/Mg smectite clays, are commonly recognized in Noachian (>3.7 Gyr) terrains on Mars and are globally widespread [Poulet et al., 2005; Mustard et al., 2008; Ehlmann et al., 2011a] . They were first detected using the Observatoire pour la Minéralogie l'Eau les Glaces et l'Activité (OMEGA), an orbiting visible/near-infrared (VNIR) imaging spectrometer (0.4-5 mm, 300-1000 m/pixel) [e.g., Bibring et al., 2005] on the Mars Express spacecraft. Subsequent data at 18 m/pixel scale, obtained from the Compact Reconnaissance Imaging Spectrometer for Mars (CRISM; 0.4-4 mm, 18-200 m/pixel) [Murchie et al., 2007] on the Mars Reconnaissance Orbiter spacecraft revealed distinctive assemblages of hydrated silicate minerals that indicate past aqueous alteration in diverse environments, including at neutral to alkaline pH [Poulet et al., 2005; Mustard et al., 2008; Murchie et al., 2009; Ehlmann et al., 2011a] . Clay minerals require long-term interaction of water and rock to form, pointing to persistent environments with liquid water. Assemblages, including Fe/Mg smectites, chlorite, opaline silica, and zeolites, have been detected in Noachian cratered terrains and have been inferred to represent evidence for low water:rock ratio alteration in subsurface hydrothermal systems [Ehlmann et al., 2009; Carter et al., 2010; Ehlmann et al., 2011a Ehlmann et al., , 2011b . Elsewhere, rocks containing aluminum-rich clays have been found stratigraphically above iron-magnesium clay-bearing rocks and may represent pedogenic (top-down leaching) environments on early Mars [Wray et al., 2008; Bishop et al., 2008a; Ehlmann et al., 2009; Murchie et al., 2009; Loizeau et al., 2010; Michalski et al., 2010a; Ehlmann et al., 2011a] . Initial VNIR studies of the abundance of clay minerals in the largest discovered exposures gave estimates of 15-65% [Poulet et al., 2008] .
[5] In many of these regions of clay mineral detections, thermal infrared (TIR) spectra ($6-50 mm; $1600-200 cm À1 ) from the orbiting Thermal Emission Spectrometer (TES) [Christensen et al., 2001] on the Mars Global Surveyor spacecraft show no unambiguous evidence for such phases, perhaps due in part to the larger spatial footprint of 3 km Â 5 km. Some Noachian terrains show emissivity minima at longer wavelengths (16-25 mm, 600-400 cm
À1
) that are characteristic of high silica materials [Ruff and Christensen, 2007] and/or poorly crystalline amorphous materials with minor <15% phyllosilicate content [McDowell and Hamilton, 2009; Michalski and Fergason, 2009] . Clay mineral abundances of 10-30% in Noachian terrains have been noted for one location [Michalski et al., 2010b] , but the detection of clay minerals using the TES data set is uncommon. A third remote sensing data set, chemical measurements provided by the Gamma Ray Spectrometer (GRS), shows little evidence for chemical fractionation, e.g., depletion and concentration of elements caused by aqueous alteration, at 5 Â 5 spatial scale [Taylor et al., 2010] .
[6] The relative prevalence of clay mineral detections in VNIR global data sets versus the paucity of definitive identifications in TIR global data sets and lack of chemical evidence for widespread weathering is puzzling. Each data set, considered alone, might lead to a different conclusion about the style, prevalence, and longevity of aqueous alteration on Mars. In reality, each data set is influenced differently by the quantity, texture, and exposure of mineral phases and, consequently, provides different constraints on the composition of clay-bearing terrains. Understanding how to utilize these and other data sets in tandem and limitations to what is knowable or unknowable from each is important, especially given that remote sensing data are utilized to interpret Martian paleoenvironmental conditions, select landing sites, and guide rover exploration. Indeed, the 2011 Mars Science Laboratory (MSL) rover is scheduled to land in Gale crater, selected in part because of the detection of claybearing sediments in VNIR orbital data [Milliken et al., 2010] . At Gale Crater, the MSL rover will deploy a suite of instruments to assess mineralogy and elemental chemistry, including CheMin, an X-ray diffraction/X-ray fluorescence (XRD/XRF) spectrometer, ChemCam, a remote sensing laserinduced breakdown spectrometer for elemental chemistry, and an alpha proton X-ray spectrometer (APXS) for elemental composition [Grotzinger et al., 2012] . In this context, we examine how conclusions about alteration environment drawn from orbital infrared spectral data (VNIR and TIR) compare with information obtained via in situ techniques like those of MSL. We supplement these with techniques that could be used on future landed missions and one that is presently restricted to terrestrial laboratories (electron microprobe).
[7] We examined rocks collected from Icelandic basalt flows that were in some places altered at the surface by pedogenesis and in other locations were hydrothermally altered by non-marine, non-sulfurous groundwater circulation. Our sample characterization methods compared mineralogy determined with infrared spectroscopy of whole rocks (comparable to Mars orbital data from CRISM, OMEGA, and TES and rover data from the Miniature Thermal Emission Spectrometer (MiniTES)) with information derived from in situ data: small-scale infrared spectroscopy, elemental chemistry, and mineralogy from X-ray diffraction. Key questions driving this study were to what extent do remote spectroscopic approaches permit a complete understanding of weathering and alteration? What are the advantages and limitations of particular remote and in situ techniques for determination of clay mineralogy? Do additional in situ data change spectroscopic mineral identifications and/or paleoenvironmental interpretations? What are the synergies among different techniques and data sets for remote compositional analysis? After reviewing the geologic setting of the chosen Iceland analog site and detailing methodology, we describe results from each technique and implications for use of orbiter and rover data in interpreting the mineralogy and paleoenvironments of Mars.
Geologic Setting
[8] The land surface of Iceland consists of poorly formed soils, bare rock, and sparse vegetation. Extrusive basaltic lava flows, emplaced over the last 16 Myr, comprise 85% of the bedrock [Gislason et al., 1996] . Most Icelandic hydrologic systems are fed by waters that originate from precipitation, rather than being derived from seawater. A variety of geothermal spring systems (low temperature, low sulfur; low temperature, high sulfur; and high temperature, high sulfur) with distinctive pH, Eh, and aqueous geochemistries create diverse assemblages of secondary minerals [e.g., Kristmannsdottir, 1976; Gislason and Eugster, 1987; Lonker et al., 1993; Arnórsson, 1995a Arnórsson, , 1995b Gislason et al., 1996; Franzson et al., 2008] .
[9] Rocks from two localities were studied here (Figure 1 ). The Hvalfjordur basalt succession (64.3 N, 21 .7 W) consists of 3-4 Myr plateau basalts that have been subjected to zeolitic-grade alteration [Neuhoff et al., 1999; Franzson et al., 2008; Weisenberger and Selbekk, 2009] . The Berufjordur plateau sequence (64.8 N, 14.5 W) is older, $9-11 Myr, based on dating of nearby sequence members [Kissel et al., 2010] , and exhibits similar hydrothermal alteration. The two study areas differ from younger (<3.3 Myr) volcanic successions because they lack hyaloclastite formations, which are characterized by the presence of palagonite, formed during volcano-ice interactions and have been previously examined as Mars analogues [Bishop et al., 2002a] . The samples in this study are volcanic rocks buried by accumulation of younger volcanics. The environments of aqueous alteration for these rocks include weathering at relatively low temperatures at or near the surface; hydrothermal alteration in heated environments near the surface, driven by emplacement of hot overlying lavas from subsequent eruptions; and/or alteration of minerals by burial and heating by the geothermal gradient. Both study sites are not near central volcanoes or volcanic vents and lacked sulfide or sulfate mineral phases, and thus altering fluids were not sulfurous. Tens to hundreds of meters of glacial and fluvial erosion have exposed deep parts of the basalt sequence.
Methods
[10] The approach during fieldwork was to select samples of different color, coherency, fracture-fill style, and VNIR spectral characteristics (described below) with emphasis on capturing the diversity at the site. From the collected samples, representative basalts with both massive and vesicular textures and different styles of alteration were then selected for further detailed study (Figure 1 ). Hvalfj011 and hvalfj017 were sampled from the boundary between two lava flows and are fairly homogenous at hand sample scale, but they are weak, friable, and visibly altered. Hvalfj023, hvalfj054, and wtrfall016 are heterogeneous and were selected as endmembers of basalt clearly altered by precipitation of minerals in veins and vesicles. Icel009 and icel010 are homogenous at hand sample scale, have a somewhat waxy feel, and are typical of hard, coherent basalt (no fracture fill).
[11] Initial whole-rock spectra acquired with an Analytical Spectral Devices (ASD) field spectrometer (described in section 3.4) show evidence for hydrous phases, indicated by absorptions at 1.4 and 1.9 mm (Figure 2a ). There is also variation in the character of Fe-related electronic transition absorptions at wavelengths <1.5 mm. OH and metal-OH overtones and combination bands of varying strength are also visible near 1.4 mm and in the 2.0-2.6 mm region. Absorption feature positions and strengths for the sample suite are broadly similar to those in spectra from which mineral identifications have been made on Mars, including "Fe, Mg phyllosilicate," "montmorillonite," "silica," "zeolite," and, "hydrated" types ( Figure 2b ). Continuum shape is markedly different because of the lower H 2 O content of materials on the Mars surface versus Earth's surface, i.e., the downward slope in long-wavelength data toward the 3-mm H 2 O fundamental stretch is less pronounced for Mars data and the continuum shortward of $1.5 um is also influenced by dehydration [see also Morris et al., 2011] .
[12] Measurements were performed in the laboratory to determine sample mineralogy and chemistry, to understand the record of alteration processes, and to understand how alteration environment is revealed (or not) using different mineralogical and chemical measurement techniques. VNIR and TIR spectral analyses were conducted on whole rocks and particle size separates to simulate remote sensing measurements acquired at orbital to outcrop to microscopic spatial scales. XRD and flux fusion elemental analyses were employed, providing data similar to those measurable in situ on Mars, and electron microprobe measurements were acquired to obtain the highest fidelity understanding of mineral composition. IR spectral analyses were performed without utilizing a priori knowledge of mineral composition from XRD and microprobe data. Below, we detail methods for each analysis technique.
XRD
[13] Samples of the bulk rock and fracture/vesicle fill were extracted from each rock (Figure 1 ) and were then ground with a mortar and pestle. X-ray diffraction (XRD) measurements were made on <25 mm size fraction samples over a 2q range of 2 to 70 at 0.02 2q intervals using a Bruker D8 Advance diffractometer at Indiana University with Cu Ka radiation, incident-and diffracted-beam Soller slits, and a solid-state PSi detector. All samples were initially measured with count times of 2s per 0.02 2q step, and selected samples were re-measured with 15 s count times to improve counting statistics. Data for untreated samples simulate those that will be acquired on Mars by the CheMin XRD/XRF instrument on MSL, although the CheMin instrument will use Co radiation instead of Cu and has a useful 2q range of 5 to 55 [Blake et al., 2010] . [14] Areas of the most intense peaks from component minerals were measured, and the relative percentage of each constituent was determined using the reference intensity ratio (RIR) method [Chung, 1974] , using literature RIR values and values measured in laboratory. Rietveld refinement was also applied, using the Topas Rietveld program, to determine the relative abundance of the well-ordered (i.e., non-clay minerals) components. The Rietveld modeling method allows refinement of unit-cell parameters for component minerals, and it also provides information on crystallite size and strain contributions to peak broadening [Bish and Post, 1993] . Contributions from smectite were not calculated using the Rietveld method because the mineral is not three-dimensionally ordered and is not properly modeled by the Topas program. Final calculated abundances represent weight percents obtained from the Rietveld method scaled to include the RIR-determined abundances of phases without three-dimensional ordering, e.g., smectites. Past studies indicate that errors associated with mineralogic quantification are approximately AE10% relative; the detection limit for well-ordered phases is generally <2% but depends on count time and the phase [Bish and Chipera, 1991] .
[15] Additional measurements and sample preparations were done to determine as precisely as possible the composition of clay minerals in the samples. All samples containing clay minerals were measured with 15s count times over the 2q range of 58 to 64 to measure the 060 reflection. The positions and magnitudes of reflections in this region are typically used to facilitate discrimination between dioctahedral and trioctahedral smectites based on the size of their b unit-cell axes [Moore and Reynolds, 1997] . To verify the presence of smectite clays and check for possible interstratified or non-expanding clays in five of the ground bulkrock samples that possessed low-angle diffraction peaks, <2 mm size separates were produced by timed settling in EHLMANN ET AL.: CLAY MINERAL DETECTION, ICELANDIC BASALT E00J16 E00J16 Figure 2 . Spectra from Iceland and Mars. (a) ASD spectra of whole rocks displayed in Figure 2 from 1.0 to 2.6 mm. Spectra from multiple rock faces were acquired with a contact probe attachment ($2 cm diameter field of view), and multiple spectra are shown where there were substantial spectral differences between parts of the rock. (b) Select spectra from basaltic terrains on Mars, exhibiting evidence for aqueous alteration and spectra similar to those from Icelandic rocks. Ratioed spectra are shown from Mustard et al. [2008] and Ehlmann et al. [2009] with the inferred mineral, location on Mars, and image ID (leading four zeros omitted).
water [Chipera et al., 1993] . These separates were not washed with different solutions, nor heated. These untreated <2 mm samples were prepared as oriented mounts on offaxis cut quartz plates, dried, saturated with ethylene glycol, and then measured from 2 to 20 2q. Incorporation of ethylene glycol molecules into the interlayer of smectites causes the 001 spacing to expand to $16.7Å, whereas nonexpanding clays such as chlorite, illite, and kaolinite do not experience a peak shift. Patterns from oriented, glycolated samples were examined for irrationality of higher-order reflections that would indicate the presence of interstratification. These procedures are not currently possible to do remotely (e.g., on MSL on Mars) but are a best-practices laboratory means to obtain the precise composition of smectites in our samples, thus providing a check of our infrared spectroscopic and bulk-rock XRD mineralogic data.
Elemental Analysis
[16] Flux fusion of powdered samples followed by inductively coupled atomic optical emission spectrometry (ICP-AOES) measurements at Brown University were used to measure the weight percent of Al, Ca, Fe, K, Mg, Mn, Na, Si, and Ti using the procedures outlined in Murray et al. [2000] . For each sample (<150 mm size fraction), 40 mg of ground and dried sample was mixed with lithium metaborate flux in a 4:1 flux-to-sample ratio in a graphite crucible. The mixture was then fused in a furnace at 1050 C for 10 min. The fused bead was poured into a bottle with 10% nitric acid and agitated for >30 min to promote dissolution. The sample solution was then filtered through a 0.45 mm filter to remove graphite and diluted to 4000Â for analysis by ICP-AOES. Unknown samples were run in triplicate along with three blanks and eight standard reference samples. ICP data were corrected for drift over the measurement run and for matrix effects using the blanks, and results were converted to elemental weight percent. These data were then multiplied by a correction factor to account for losses due to the flux fusion technique. The factor was derived for each element by linear regression of the known weight percent of the element in the standards versus their ICP-measured weight percent. These major element data are similar to those that can be acquired by the APXS, ChemCam, and CheMin XRF measurements on Mars.
Electron Microprobe Analysis
[17] Measurements comparable to electron microprobe analysis are not presently possible on Mars but were performed here on some of the bulk-rock samples to obtain precise compositional data at the mineral grain-scale to verify the identifications made by infrared spectroscopy and XRD. Also, the textural relationships between mineral grains and spatial distribution of alteration (coating versus bulk) could be determined. Rocks were coated in resin to preserve the natural surface during sample preparation, cut, and thin sections of the bulk-rock samples were made. Electron microprobe data were acquired using a Cameca SX 100 instrument with 15 kilovolt acceleration voltage at Brown University. A 15 mm beam diameter and 15 nanoampere beam current were employed to minimize loss due to volatilization of sample components. A combination of optical and backscattered electron data was used to adjust and verify the focus for quantitative measurements of elemental abundance.
Whole-Rock and Bulk-Rock Infrared Spectroscopy (VNIR, TIR)
[18] In the field and lab, reflectance of whole-rock samples was measured using an Analytical Spectral Devices (ASD) portable VNIR spectrometer over the 0.4-2.5 mm wavelength range, utilizing a contact probe attachment placed on rock faces at different angles. These data are similar to OMEGA or CRISM spectra acquired from Mars orbit, albeit at reduced wavelength range (Figure 2 ). Additional reflectance spectra of ground pieces of the bulk rock were measured over 0.4-25.0 mm at the Brown University Keck/NASA Reflectance Experiment Laboratory (RELAB) [Pieters, 1983] , using both a bidirectional spectrometer (measured relative to Halon and calibrated to absolute reflectance) and a Nicolet 740 Fourier-transform spectrometer (measured relative to a rough gold surface in an H 2 Oand CO 2 -purged environment and calibrated to reflectance). Spectra were examined for broad electronic absorptions, which indicate the presence of minerals with transition metals, most commonly iron, and sharper combination and overtone vibrational absorptions, which indicate the presence of H 2 O, metal-OH, and CO 3 [e.g., Burns, 1993; Clark et al., 1990] .
[19] Whole-rock TIR emission spectra (2000-200 cm À1 ; 5-50 mm) were acquired using the Arizona State University (ASU) Mars Space Flight Facility thermal emission spectrometer. Samples were heated and maintained at 80 C for the duration of the measurement. A warm and cold blackbody were also measured and used to convert the sample radiance spectrum to emissivity [Ruff et al., 1997] . This procedure produces spectra similar to TES spectra acquired from Mars orbit or MiniTES spectra acquired several meters from an outcrop. Multiple rock faces were measured for some samples including both cut and natural sample surfaces. Spectra were examined for fundamental vibrational absorptions due to Si-O, metal-Si-O, and H 2 O. For each spectrum, over the range 1300-300 cm À1 , a nonnegative least squares (NNLS) linear unmixing algorithm [e.g., Rogers and Aharonson, 2008] was employed using a suite of common igneous and alteration minerals found in the ASU spectral library [Christensen et al., 2000] (Table A1) .
Small-Scale Infrared Spectroscopy (VNIR, TIR)
[20] In addition to orbital and outcrop-scale measurements, microscopic IR instruments have been proposed for in situ investigation of aqueous processes on Mars [e.g., Grady, 2006; Bibring and the Micromega Team, 2008] . Here, we could not directly simulate these imaging microscopes over the desired wavelength range, so samples were extracted by hand from the bulk rock and individual vesicles and fractures and were measured separately. These were the same particulate samples measured with XRD, and so these analyses also served as a check that grinding and size separation procedures did not result in segregation of mineral phases and a change in sample spectral properties. As above, these particulate samples were measured in the RELAB facility. Over the 5.5-25.0 mm TIR wavelength range, reflectance data were converted to approximate emissivity by Kirchhoff's law (E = 1 À R), an approach that has been shown to yield good agreement with actual emissivity measurements [Mustard and Hays, 1997; 
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2008b]. The measurement of multiple particle size separates (<25 mm, <150 mm, and 75À or 106-500 mm) over the entire wavelength range permitted evaluation of possible grain size effects on spectral properties. Both VNIR and TIR sample spectra were compared with library spectra for mineral identification. These TIR spectra were not modeled with the linear unmixing routine because the nonlinear volume scattering is significant for particulate samples.
Results

XRD
[21] XRD analyses (Table 1 and Figures 3 and A1) revealed the presence of alteration minerals at from 10 to 80% abundance in all powdered samples.
Bulk-Rock Samples
[22] Hvalfj017 is the most altered of all the samples, containing nearly 80% smectite. Plagioclase and hematite are present at $10% each, and the zeolite epistilbite is present in small amounts, <5%. Rietveld refinement indicates that the hematite is of very fine crystallite size ($80 nm), and examination of the smectite 060 reflection near 2q = 62
shows that the smectite present is dioctahedral, e.g., montmorillonite.
[23] Other bulk-rock samples are dominated by the primary mafic components plagioclase and pyroxene (together 65-85%) with hematite and ilmenite <5%. Weight percent smectite ranges from 11 to 23%, and minor amounts of zeolite (<10%) are sometimes present. Hvalfj054 is atypical for its low plagioclase content (5% versus 40-49% for the other bulk rocks) and higher amounts of hematite (5%) and zeolites (10%). The dioctahedral or trioctahedral nature of the smectite in these samples could not be distinguished utilizing the 060 reflection, in part because of overlapping stronger pyroxene and plagioclase reflections.
[24] Modeling of the diffraction patterns of <2 mm size fraction glycolated smectite samples with the NewMod program [Yuan and Bish, 2010] shows little to no evidence for interstratification, and the smectite 00l basal reflections are consistent with an interstratification of smectite with illite or chlorite at 0-10% levels. The 001 peak for hvalfj025 was broad and asymmetric and appeared to be poorly ordered. It is also possible to estimate octahedral Fe in smectite with NewMod based on the intensity of the 16 2q peak, which decreases relatively with increasing iron. Sample hvalfj017 is Fe-poor, sample hvalfj011 has approximately half of its octahedral sites populated with Fe, and hvalfj054 and icel009/010 are relatively Fe-rich.
Vesicle and Fracture Fill
[25] Non-smectite alteration minerals dominate samples extracted from vugs and fractures within the host rocks (Table 1) . Hvalfj023 contains $40% celadonite, a ferrous mica, $35% cristobalite, and 20% smectite, with minor amounts of Na-rich plagioclase and mordenite. Hvalfj055 and hvalfj057 were sampled from different vesicles within the host rock, separated by a few cm. Hvalfj055 is dominated by a suite of zeolites that includes thomsonite, scolecite or mesolite, and stilbite or stellerite at abundances of 25-35% for each species and smectite (8%) as a minor Table 1 (note: wedges are not labeled for quantities present at ≤1%).
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component. Some of the zeolite minerals are structurally similar and cannot be differentiated without further analyses. More smectite (33%) was found in hvalfj057, which also contains 55% analcime, 11% stilbite or stellerite, and $1% mordenite. The wtrfall016 sample, from a white precipitate within a fracture, is $91% quartz and 3% cristobalite along with 2% albite, and <5% clinoptilolite.
Elemental Analysis
[26] Elemental abundance data, in weight percent oxide, are given in Table A2 . Oxide totals ranged from 89.6% to 98.2% with most of the difference from 100% likely due to the presence of H 2 O in the samples during measurement. This difference of 2-11% is comparable to that recorded in previous Iceland geochemical analyses [Franzson et al., 2008] . Bulk-rock compositions range from basalt to picrobasalt (Figure 4) . Vesicle/fracture fills show different patterns of enrichment/depletion in K (typically mobile), Si, Fe, Al, and Ti (typically immobile) ( Figure 5 ). Wtrfall016 is nearly pure SiO 2 , 96%, and low in all other elements. Hvaflj055C and hvalfj057C are enriched in Al 2 O 3 with low K 2 O and FeO T . Hvalfj023C, in contrast, has low Al 2 O 3 , high K 2 O, high FeO T (relative to TiO 2 ), and high SiO 2 . The bulk-rock samples show relatively little compositional variation ( Figure 5 ).
Microprobe Analysis
[27] Backscattered-electron images combined with quantitative elemental analyses showed that the bulk rocks hvalfj011, hvalfj025, hvalfj054, and icel009 are dominated by plagioclase and pyroxene. Ilmenite (<10% areal fraction) was also found in some samples. Alteration minerals within the samples exhibit textural diversity (Figure 6 ). Clay minerals occur replacing primary minerals (e.g., pyroxene in Figure 6a ), in vesicle fill (e.g., Figure 6e and 6f), and in laths and "worm-like" textures within primary grains (e.g., Figures 6b and 6d ). Clay minerals were occasionally associated with iron oxides (e.g., Figures 6c and 6d) . In mostaltered hvalfj017 (79% smectite, 9% hematite from XRD), nearly all grains exhibit evidence for dissolution or formation of secondary phases. No coatings were observed at a $5-10 mm scale of probe analysis.
[28] Microprobe quantitative elemental data from individual grains permit analysis of the composition of pyroxenes, feldspars and clay minerals (Figure 7) . Compositions of these minerals were computed on the basis of six, eight, and eleven oxygen atoms, respectively. Pyroxenes are highcalcium pyroxenes, falling in the augite field. Two outliers in the ferrosilite field may represent pyroxenes partially altered to smectite. With the exception of two measurements from most-altered sample hvalfj017, all feldspars plot in the plagioclase field with compositions ranging from 0.35 An to 0.95 An. Some of the samples for hvalfj054 have relatively low oxide totals, and may indicate altered feldspar grains. Analyses of very obviously altered grains, filtering to include those with calculated interlayer charge between 0.3 and 0.6, show that smectites are Fe, Mg-smectites, between endmembers nontronite and saponite for hvalfj011, hvalfj023, hvalfj054, and icel009. Hvalfj017 smectite has dominantly octahedral Al, e.g., montmorillonite or beidellite composition. Some scatter is exhibited in hvalfj017 and hvalfj023 data, as would be expected with physical mixtures of the alteration phases observed in BSE images at scales less than the 15-mm beam diameter (Figures 6d and 7c) . A trend line can be drawn through the data for hvalfj017 that is consistent with mixing of an Al-smectite and hematite. Compositional variability of hvalfj023 clay minerals likely represents mixing between a Fe, Mg smectite and an Fe-rich celadonite (Figures 6e and 7c) . [29] Some of the minerals comprising the sample, usually two or less, can be uniquely identified using the whole-rock and bulk-rock VNIR data (Table 1 and Figures 2 and 8 ). Hvalfj017 shows absorptions indicating a mixture of hematite and the Al-smectite montmorillonite. Montmorillonite is indicated by an Al-OH band centered at 2.215 mm (8% strength), a 2.44 mm band, and a 2.76 mm Al-OH stretch fundamental (Table 2) [Bishop et al., 1994] . Hematite is indicated by an electronic absorption at 0.86 mm and a charge-transfer absorption at 0.53 mm [Burns, 1993] . No absorptions characteristic of pyroxene are present in VNIR data of this sample.
[30] VNIR spectra of five of the six bulk-rock samples show clear absorption features diagnostic of high-calcium pyroxene (HCP) and Fe/Mg smectite (Figure 8a ). Pyroxene exhibits broad electronic transition absorptions, centered near 1.0 mm and 2.2 mm for high-calcium pyroxenes such as augite [Burns, 1993] . The 1.0-mm band is prominent in these samples. The $2-mm band is weaker and becomes less prominent as the strength of the 1.9-mm absorption increases (e.g., hvalfj025 versus hvalfj054), an indicator, to first order, of increasing proportion of alteration minerals. The strength of the $1.9-mm absorption band is related to the amount of H 2 O present as H 2 O molecules in clay mineral interlayers, in zeolite extraframework sites, and as surface hydration [e.g., Bishop et al., 1994] . The $1.9-mm band strength can vary depending on the phases present, relative humidity, thermal history of the hydrated phases, and the nature of the H 2 O.
[31] The relative proportions of Fe, Mg, and Al cations in the octahedral sites in smectites dictate the presence and position of absorption bands from 1.35 to 1.45 mm, 2.2-2.3 mm, and near 2.8 mm (Table 2) [Clark et al., 1990; Bishop et al., 2008b] . The 2.3-mm band results from combinations of the 2Fe-OH and 3Mg-OH bending and stretching vibrations, and its position varies depending on the relative proportions of Fe versus Mg in the Fe/Mg smectite series. For example, nontronite, the dioctahedral Fe endmember, has a band center near 2.29 mm [Grauby et al., 1994; Bishop et al., 2002c; Frost et al., 2002; Gates, 2005] , whereas the trioctahedral Mg end-members saponite and hectorite have absorptions near 2.31-2.32 mm [Clark et al., 1990] . Aluminum, if present in smectite, is indicated by a strong 2.21 mm 2Al-OH combination band [Bishop et al., 2002b [Bishop et al., , 2008b (Figure 2a) . Combination bands of H 2 O are present at 1.41 mm, as is a structural OH stretching overtone that shifts in position, depending on the octahedral cation [Bishop et al., 1994] . This overtone band is at 1.43 mm for 2Fe-OH [Bishop et al., 2002b [Bishop et al., , 2002c Frost et al., 2002] , at 1.41 for 2Al-OH [Bishop et al., 2002b [Bishop et al., , 2002c , and at 1.38-1.39 mm for 3Mg-OH [Clark et al., 1990; Bishop et al., 2002b Bishop et al., , 2002c . The fundamental of the metal OH stretch lies at 2.72 mm for Mg-OH, 2.76 mm for Al-OH, and 2.80 mm for Fe-OH [Grauby et al., 1994; Bishop et al., 2002c; Gates, 2005] (Figure 8c) .
[32] In these Iceland bulk-rock particulate samples, the absorption band depth near 2.3 mm varies in strength from 0.5% (hvalfj025) to 2% (icel009, icel010), much weaker than the combination metal-OH absorption in hvalfj017. Based on the position of the 2.3-mm feature (Figure 8b ), most samples are smectites intermediate between the Fe and Mg end-members. Hvalfj025 may be comparatively more iron-rich than icel009 and icel010, based on the band positions at 1.425 and 2.295 mm. Interestingly, all samples have a strong 2.8-mm absorption due to Fe-OH but do not exhibit a prominent 2.76-mm Mg-OH stretch fundamental.
Hvalfj011 may be a mixture of multiple smectites as two distinct features due to Fe-OH and Mg-OH are present near 2.3 mm and the Al-OH band is most prominent near 2.76 mm (Figure 8c ).
TIR Spectra
[33] Several features of the thermal emission spectra provide information on silicate mineralogy ( Figure 9 and Table 2 ). The Christiansen feature is the emissivity maximum on the short wavelength side of the Si-O stretching minimum that is sensitive to Si-polymerization in framework silicates [Walter and Salisbury, 1989] . It occurs between 1150 cm À1 (icel009, hvalfj054) and 1300 cm À1 (hvalfj025, icel010) in these samples, indicative of the relatively low bulk SiO 2 (silica) of basalts and alteration products. Hvalfj025c ("c" here and in subsequent cases indicates a cut surface), hvalfj011c, and icel010 resemble relatively unaltered basalts, but the other samples lack the broad U-shape or box-like structure (two minima or inflections) in the reststrahlen region on either side of 10 mm (1000 cm À1 ) that is characteristic of unaltered basalts. Instead they have a shape more typical of andesites, altered basalts, or high-silica glasses [Wyatt et al., 2001; Wyatt and McSween, 2002] . The notably narrow V-shape and low wave number of this feature for samples hvalfj011n ("n" here and in subsequent cases indicates a natural surface), hvalfj017n and c, Band centers were determined from continuum removed spectral data.
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hvalfj054, and icel009 are most consistent with various phyllosilicates [Michalski et al., 2005] .
[34] All rock samples except icel010 exhibit a 6-mm (1625 cm À1 ) peak due to the H 2 O bending fundamental, indicating the presence of minerals with H 2 O [e.g., Salisbury et al., 1991] (Figure 9 ). Relatively weak features due to metal-OH bands in clay minerals occur from 750 to 950 cm À1 [Michalski et al., 2005] rather than a well-developed minimum. This is suggestive of a dominant trioctahdral smectite perhaps with a lesser dioctahedral component. Depending on which face is observed, icel009 has a very strong single minimum at 470 cm À1 or a doublet at 496 cm À1 and 447 cm À1 along with unusual features in the 1000 cm À1 region that are not readily interpretable. Cut surfaces of hvalfj011 and hvalfj025 have reduced to absent deformation bands compared to their natural surfaces, while those in hvalfj017 do not change from the cut to natural surfaces, demonstrating that some of the samples have spectrally distinct exteriors and some do not (Figure 9) .
[35] The nonnegative least squares modeling (unmixing) of the TIR emissivity spectra (Figure 10 ) shows a range of results that are a function of the available spectral library and the physical characteristics of the samples. Note that the high wave number cutoff used in the modeling was chosen to avoid a pronounced downturn or roll-off in emissivity present in most of the spectra above 1300 cm À1 . This characteristic is typically associated with scattering effects from fine particulates that create so-called transparency features [e.g., Salisbury and Eastes, 1985] . Its appearance in the spectra of whole rocks suggests a comparable scattering phenomenon. Because the library spectra do not show this behavior in the region >1300 cm À1 , the modeling excluded it.
[36] Hydrated silicates (phyllosilicates, zeolites) were modeled in all the rocks, with abundances ranging from 17% (icel010b) to 86% (hvalfj017n) (Figure 10 and Table 3 ). Feldspars dominated by plagioclase compositions range from 0% (hvalfj011n, hvalfj017n and c, hvalfj054a and b, icel009a and b) to 49% (icel010b). Pyroxenes range from 0% (hvalfj011n, hvalfj017n and c, hvalfj054a and b, icel009a and b, icel010a) to 15% (hvalfj025n). Olivines range from 2.5% (hvalfj017) to 19% (hvalfj011).
Small-Scale Infrared Spectroscopy (VNIR, TIR) 4.5.1. VNIR Spectra
[37] Only single minerals could be identified from VNIR data of samples extracted from rock veins and vesicles (Table 1 ). Hvalfj023 appears to contain the dioctahedral mica celadonite, with characteristic absorptions of approximately equal strength at 2.30 mm (2Fe 3+ OH combination) and 2.35 mm (3MgOH combination) and strong slope to 1.0 mm (Figure 11a) . A weaker absorption can also be seen at 2.26 mm due to an AlFe 3+ OH combination [Bishop et al., 2008b] .
[38] NIR spectral features of zeolites are dominated by absorptions from H 2 O molecules [Hunt et al., 1973; Clark et al., 1990] , and zeolites, which have H 2 O molecules in extraframework sites, are the likely source of relatively deep 1.4 and 1.9 mm features in hvalfj055 and hvalfj057 (Figure 11b) . In some cases, due to their different structures and cations, zeolites have distinctive absorptions that permit discrimination among individual phases [Clark et al., 1990; Cloutis et al., 2002] . Hvalfj057 contains analcime, which is characterized by strong absorptions at 1.42 mm, 1.91 mm, 2.52 mm and weaker absorptions at 1.79 mm, 1.12 mm, 2.14 mm. Sample hvalfj055 contains thomsonite, distinguished by a small feature at 2.17 mm. There is also a 2.4 mm feature in the sample that is not characteristic of thomsonite but is typical of many other zeolites or other hydrated mineral phases [Cloutis et al., 2002] .
[39] Finally, sample wtrfall016 has spectral features consistent with hydrated silica (Figure 11c ). Opaline silica and hydrated (H 2 O-bearing), hydroxylated (OH-bearing) glasses exhibit absorption bands due to combination bands of Si-OH at 2.21-2.22 mm due to isolated Si-OH and at 2.26 mm due to H-bonding with Si-OH [Anderson and Wickersheim, 1964; Stolper, 1982; Goryniuk et al., 2004] . The width of the resultant feature near 2.2 mm is greater than the Al-OH absorption in aluminum phyllosilicates [Milliken et al., 2008] . Bands at 1.91 mm are due to H 2 O in the mineral structure whereas those near 1.4 mm result from both H 2 O and structural OH. The 1.4 and 2.3 mm, absorptions can become narrow as H 2 O is removed and only Si-OH remains [Anderson and Wickersheim, 1964; Swayze et al., 2007; Milliken et al., 2008] , but the bands in this sample are broad, indicating incorporation of H 2 O in the silica structure.
TIR Spectra
[40] The infrared reflectance spectra of separates of the bulk-rock samples are influenced by particle size (Figure 11d ). There is a broad transparency feature above $1300 cm À1 in the finer-grained samples (<150 mm) that arises from fineparticulate scattering as described previously, as does the narrower feature between $1000 and 800 cm À1 in samples hvalfj023C, 055C, and 057C and D. The pronounced particlesize induced roll-off at high wave numbers tends to accentuate the appearance of the H 2 O bending fundamental near 6 mm, indicating the presence of bound H 2 O in samples hvalfj023, 055, and 057.
[41] Particle size separate spectra of hvalfj023 exhibit some of the characteristics of library celadonite samples [Bishop et al., 2008b] (RELAB database) although with deviations that suggest an incomplete match (Figure 11d ). Hvalfj057 shows all of the features found in the laboratory analcime [Ruff, 2004; Clark et al., 2007] while hvalfj055 [Cloutis et al., 2002] appears to be a better match to thomsonite. The wtrfall016 sample clearly exhibits the typical absorption features of quartz [Farmer, 1974] but with an asymmetry possibly due to cristobalite .
Discussion
[42] Results from both spectroscopy and XRD indicate that the dominant alteration mineral in bulk-rock samples is smectite clay with only minor amounts of other hydrated silicates. In contrast, for samples extracted from veins and vesicles, hydrous silicates other than smectite are the dominant alteration mineral(s), e.g., zeolites, SiO 2 phases, and other phyllosilicates.
Chemical Versus Mineralogical Analyses of Alteration
[43] Based on elemental chemistry, the Icelandic bulkrock samples are basalts or picrobasalts (Figure 4 and icel010), the primary mafic minerals pyroxene and plagioclase still comprise most of the sample; alteration minerals are <25 wt. % and are mostly Fe, Mg smectites (Figure 3) . Nevertheless, hydration bands are prominent in VNIR spectra and nearly all TIR spectra. Smectites are found within and surrounding grains of primary mafic minerals, i.e., comprising the bulk rock, and IR spectral signatures from bulk rocks samples exhibit features related to the presence of smectite clays (Figure 6 ). The persistence of crystalline igneous minerals is similar to that found in deeper, higher temperature Iceland drill cores from seawater hydrothermal systems [Marks et al., 2010] .
[44] The vugs and fractures of the rocks have concentrated zeolites, celadonite, and silica phases rather than phyllosilicates, but in the bulk rock separates these phases occur in <10% abundance and are not identifiable at VNIR wavelengths (Table 1 and Figure 8) . Based on the trends of Al, K, and Fe content relative to comparatively immobile Ti in materials filling vugs and fractures, it is clear that different fluid chemistries or thermodynamic conditions variously favored transport and then precipitation and enrichment of K and Fe together (hvalfj023), enrichment of Al and Si (hvalfj057, hvalfj055), or enrichment of Si only (wtrfall016) relative to the bulk rock ( Figure 5 ). Such differences have also been reported in other Icelandic groundwater and hydrothermal systems [Franzson et al., 2008] .
[45] Bulk-rock sample hvalfj017 is distinctive in its high percentage (89%) of alteration minerals, specifically hematite and montmorillonite ( Figure 3 smf Table 1 ). The different mineralogy points to a distinctive alteration history relative to the other bulk samples. Hvalfj017 was found at the boundary between two flows (Figure 1d ) and may represent the uppermost surface of a lava flow in which paleosol development occurred prior to emplacement and burial by the second flow. Alternatively, the reddish zone at the flow boundary from which hvalfj017 was derived may have been a concentrated pathway of fluid flow with consequently more intense water-rock interaction.
[46] Interestingly, bulk-rock samples all plot similarly in chemical diagrams in spite of different proportions of alteration minerals and, presumably, different amounts of removal and addition of ions by interaction with fluids. The most-altered bulk-rock sample in terms of mineralogy, hvalfj017, does not differ from less altered samples, suggesting the alteration may have been nearly isochemical with only small-scale chemical transport and mineralization in vesicles (Figures 4 and 5) . In a ternary plot of major cations, which has been used to study weathering trends in Mars samples (Figure 12 ) [Hurowitz and McLennan, 2007] , even for the 80% smectite hvalfj017 with its nearly complete lack of primary minerals, there is little progression along the typical terrestrial weathering trend toward the Al vertex. Most of the variation lies along the feldspar-olivine join with alteration products filling veins and vesicles and becoming either Fe-enriched or Fe-depleted. Variation along this line was also typical for low water:rock ratio acidic alteration on Mars [Hurowitz and McLennan, 2007] . For these Icelandic environments of alteration, whole-rock elemental analyses might lead to underestimation of the extent of alteration relative to the higher degree apparent from XRD-derived quantitative modal mineralogy or VNIR or TIR spectroscopy. Although alteration is extensive in some cases, changes in a whole-rock sense are largely isochemical in these samples, demonstrating the importance of knowledge of mineralogy in addition to chemistry in the exploration of Mars. One hypothesis is that Mars' large Fe, Mg clay-bearing terrains might be a result of aqueous alteration, similar to that observed in these Icelandic systems, with primary minerals dominating assemblages with Fe, Mg clays and little chemical fractionation and transport, thus explaining lack of chemical fraction in orbital GRS data [Ehlmann et al., 2011a] . Future tests will await landed or next-generation orbital measurements.
Mineral Identification With VNIR and TIR Spectroscopy
[47] Spectroscopic techniques, comparable to remote measurements from Mars orbit, provide a good first means of characterization of mineralogy. No misidentifications were made with VNIR data; all Al smectite, hematite, Fe, Mg smectite, high calcium pyroxene, zeolite, silica, and celadonite phases identified from VNIR spectroscopy (Table 1) were confirmed by XRD, although the actual mineral assemblage revealed by XRD typically is more diverse (Table 1) . Plagioclase cannot be directly detected in VNIR spectra because it possesses neither electronic absorptions due to Fe nor vibrational absorptions in the VNIR wavelength range. Zeolites at <10% abundance occurring in the bulk rock were not detected with VNIR spectroscopy because they enhance the 1.9-mm H 2 O combination absorption, typically without introducing strong diagnostic additional bands in the wavelength region from 2.0 to 2.6 mm [Cloutis et al., 2002] . The presence of some alteration minerals spectroscopically masks the presence of others. For example, analcime and celadonite in hvalfj057 and hvalfj023, respectively, obscure 33 wt. % and 20 wt. % of XRD-identified smectite in VNIR data (Table 1) . The presence of celadonite (38 wt. %) in hvalfj023 masks cristobalite (35 wt. %) in VNIR data.
[48] TIR spectroscopy also indicates several key aspects of the mineralogic composition, including the presence of hydrated minerals in all samples. Like VNIR spectroscopy, small-scale TIR spectroscopy identifies the major phase for each fracture/vesicle fill sample. Visual inspection of 600-400 cm À1 minima positions in whole-rock samples hvalfj017 and hvalfj025 correctly identified montmorillonite and nontronite, respectively, as the dominant smectite in each sample (Table 2 and section 4.4.2) although quantitative modeling Figure 11 . (a-c) Bidirectional visible near-infrared (VNIR) reflectance spectra for the <25 mm and <150 mm particle size separates from veins and fracture fill (Figure 1 ). (d) TIR reflectance spectra of coarse (75 or 105-500 mm) and <150 mm size fractions of the vesicle and fracture fill samples, converted to approximate emission spectra using Kirchhoff's law. Positions of key absorptions are indicated. Laboratory spectra provided for comparison are from the USGS spectral library [Clark et al., 2007] and as acquired by E. Cloutis at the NASA RELAB facility at Brown University.
was less successful in accurately identifying phases present (discussed below). For these particular samples, the Christiansen feature did not provide a good indicator of overall SiO 2 content (Figure 4 versus Table A1), likely due to the effects of alteration on disrupting polymerization of silicates as has been reported in other studies [Hamilton et al., 2008] .
[49] Two interesting aspects of silica and clay mineral identification with spectroscopy, relevant to interpretation of remotely sensed data, relate to the different types of information obtainable in the combination band wavelength region versus the fundamental stretch region. First, VNIR spectra of wtrfall016 show that a silica phase is present, and it is consistent with a hydrated Si-OH phase, e.g., opaline silica or altered glass (Figure 11 ). TIR spectra are consistent with quartz and cristobalite and the XRD data unambiguously demonstrate the existence of quartz (91%) and cristobalite (3.3%), with minor clinoptilolite (3.9%) and no evidence for a significant amount of an amorphous component ( Figures 3 and 11 and Table 1 ). That quartz or cristobalite can have a similar VNIR spectral signature to opaline silica may have implications for reconciling reports of hydrated opaline phases [Milliken et al., 2008; Ehlmann et al., 2009] and quartz [Bandfield et al., 2004] on Mars.
[50] Second, the OH stretch fundamentals (near 3 mm) appear to be less diagnostic of the major smectite cation than the combination tones from 2.20 to 2.35 mm. In the 2.2-2.3 mm region, Al-OH, Fe-OH and Mg-OH related bands can be observed (Figures 2 and 8b ) that shift in accordance with smectite composition (Figure 7c ). In particular, that hvalfj011 is an Mg-rich smectite, hvalfj025 an Fe-rich smectite, and hvalfj017 an Al-rich smectite can be discerned. Although chemical data show that all of the bulk rocks (except hvalfj017) have both Fe and Mg in octahedral sites (Figure 7c ), spectra show only fundamentals at wavelengths for Fe-OH and Al-OH (Figure 8c ). Lack of resolution of an Mg-OH band may be due to the influence of H 2 O on the spectra from 2.7 to 3.0 mm [e.g., Gates, 2005] . Deformation bands positioned at 400-600 cm À1 permit identification of dioctahedral versus trioctahedral smectite for two of six rocks where a dioctahedral smectite dominates (hvalfj017 and hvalfj025n) and a doublet feature is apparent. Among the other samples, smectite features are not readily apparent (icel010, hvalfj0011c, hvalfj025c) or absorptions in the 400-600 cm À1 region do not occur in locations corresponding to those of smectite compositions measured for spectral libraries. These data suggest that existing spectral libraries used in the analysis of Mars data may only incompletely sample the diversity of phases formed from aqueous alteration of basalt. Hurowitz and McLennan, 2007] . Light gray arrows indicate relationships between bulk rocks (blue diamonds for Fe/Mg smectitebearing, green diamonds for Al smectite-bearing) and vesicle/fracture fill (orange squares) found within those bulk rocks.
A Role for Thin (<10 mm) Surface Coatings?
[51] VNIR whole-rock surface spectra exhibited heterogeneity, depending on the spot of the rock observed (Figure 2 ), but no systematic differences between cut and natural surfaces. OH-vibrational absorptions due to smectites ranged in strength from strong to barely discernible, although H 2 O-related absorptions were always present. Bulk-rock powders exhibited similar variation with band strength of OH features correlated to XRD measured smectite abundances. On the other hand, TIR spectra exhibit systematic variation between cut and natural surfaces. The restrahahlen bands of all the natural rock surfaces have a markedly Si-rich character, and natural surfaces also have bending vibrations due to hydrated silicates. These features are weak or indiscernible for the cut surfaces in two of the three cut samples (hvalfj011 and 025) and for both the natural and cut surfaces of icel010, and H 2 O-bending features are weaker in these samples. This suggests the presence of very thin coatings that are not evident in the BSE microprobe images but are evident as discoloration of the natural surfaces and in TIR surface spectral properties (Figure 1) . The least discolored, freshest looking sample (icel010, Figure 1e ) is the only one that lacks obvious hydrated silicate features in the TIR spectrum of its natural surface. TIR spectroscopy laboratory work has demonstrated coatings as thin as $2 mm of hydrated silicates (silica or poorly crystalline aluminosilicates) can spectrally obscure the substrate Michalski et al., 2006] , a situation that seems to apply here for the Icelandic samples. Only one displays nearly identical (montmorillonite) features on both natural and cut surfaces (hvalfj017), a result possibly explained by its XRD-determined bulk mineralogy of nearly 80% smectite.
Quantification With VNIR and TIR Spectroscopy
[52] As little as $10% smectite is observable in VNIR spectra of particulates of altered mafic rock samples, although phases do not always contribute to sample VNIR spectral properties in proportion to their abundance, complicating spectroscopic determinations of modal mineralogy. Given the XRD-determined abundances of smectite, the 2.3 mm absorption band depths of bulk-rock samples are smaller than expected, compared with band depths from man-made particulate mixtures of basalt and nontronite pure separates [Ehlmann et al., 2010] . This is particularly evident in wholerock samples (Figure 2 versus Figure 8 ) where metal-OH combination bands in some samples are nearly undetectable, possibly indicating that textural or surface properties affect band strength. Initial VNIR radiative transfer modeling of these samples using optical constants of nontronite, feldspars, pyroxenes, and glasses did not provide satisfactory modal mineralogy estimations [Ehlmann et al., 2010] . Further study and nonlinear modeling will be needed to understand the conditions that limit mineral detection and quantitative abundance determination with VNIR spectroscopy.
[53] Modeling at TIR wavelengths using linear unmixing has been demonstrated to accuracies of 10-15% for crystalline igneous rocks [Feely and Christensen, 1999] but has not been rigorously investigated for altered rocks. Thin coatings appear to introduce nonlinear contributions to TIR spectra , so the use of linear unmixing on TIR spectra of altered rocks may be problematic. Given the apparent coatings on the Icelandic samples, modeling of bulk mineralogy probably is most valid using the spectra from cut surfaces or the one case where a coating is not readily apparent (icel010). In the NNLS modeling of all of the TIR emissivity spectra, smectites were correctly identified in all cases; however, there were considerable discrepancies between the quantity and composition of mineral phases modeled with TIR NNLS versus XRD (Tables 1 and 3) . Nontronite is modeled as the dominant smectite in all samples (Figure 10 ), even though there is considerable compositional diversity in the actual smectite composition, probably including trioctahedral phases like ferrosaponites (Figure 7c ). Trends in modeled abundances of pyroxene and plagioclase correlate with trends in actual abundances but pyroxene and feldspar content is universally underestimated and hydrated silicate content overestimated for all samples (Tables 1 and 3 ). Pyroxene and feldspar were not NNLS-modeled at all for the more altered rock samples though XRD shows they are the most abundant phases in the rock. Modeled NNLS results are typically more complex than XRD-derived results, including olivine (not present) and several, diverse hydrated silicates (more than XRD-identified). Restriction of the NNLS modeling to incorporate only XRD-identified phases resulted in higher RMS error values and qualitative fits did not improve (not shown).
[54] The overestimation of hydrated silicate phases in modeling results may be due in part to the fact that reference library samples of silicates did not provide good matches in composition and crystallinity to the actual phases present. Deformation bands in the 600-400 cm À1 range are rarely fit well in spite of the number of phases utilized (Figure 10 ). For example, in icel009 and icel010, the modeling of the stilbite, opal, and chlorite phases serves to subdue the contrast of nontronite's doublet feature so as to better fit the minima and shapes observed in the deformation band region. This overmodeling of hydrated silicates triggers a misfit (too narrow) in the Si-O stretch near 1000 cm À1 , which is then broadened by adding olivine. At present, few smectites are present in available TIR emission libraries, and feldspars are mostly well-ordered examples. Expansion of the mineral library to include more diverse compositionally variable phyllosilicate and zeolite mineral phases as well as disordered plagioclases, should improve the accuracy of NNLS unmixing results for altered, clay-bearing rocks. However, the inaccurate results obtained for these samples may be more a function of the nonlinear effects of coatings obscuring the substrate on natural surfaces and/or preferential alteration of grains where they are exposed on cut surfaces. This effect may be important on Mars, where thin surface coatings may mask underlying mineralogy. Different coating compositions might be expected because of different atmospheric compositions.
[55] The combined data sets acquired from the Icelandic samples provide some insights for interpreting spectral data from Mars. Among all of the samples, only one showed pervasive smectite alteration (hvlafj017), which was readily identified using both VNIR and TIR spectroscopy. Translated to locations on Mars where VNIR spectra identify smectites but TIR spectra do not, we can probably conclude that such locations have not experienced pervasive alteration. Instead, they may represent more modest levels of alteration akin to all of the other samples in this study whose bulk smectite abundance is <25%. At these levels, VNIR spectra readily identify smectite phases that are more difficult to confirm with TIR spectra. We can further suggest from our results that Martian smectite occurrences likely do not represent thin coatings on rocks, given the ease with which they can be recognized with TIR spectra. To date, no unambiguous identification of smectite clays has been made on Mars using TIR spectra; relatively low abundance of such phases is one possible explanation and texture and temperature effects can also influence spectral contrast and phase detectability (for further discussion, see Michalski and Fergason [2009] ).
Spectroscopy and XRD Synergies for Clay Mineral Identification
[56] MSL rover XRD measurements from CheMin used in conjunction with pattern libraries should permit excellent in situ quantitative characterization of modal mineralogy for powdered samples. Though considerable uncertainties remain in the estimation of abundance with VNIR and TIR spectroscopic data of altered samples, some important advantages exist in utilizing these spectral techniques, even beyond their ability to measure composition remotely rather than ingesting samples. They provide definitive information specifically related to the nature of the smectite component. VNIR spectroscopy is sensitive to shifts in absorption band position, providing information on the octahedral cations even when smectites are at small abundances in bulk samples. TIR spectroscopy is sensitive to thin phyllosilicate coatings and readily distinguishes dioctahedral from trioctahedral clays where present as the dominant phase. Only in the case of hvalf017 could the XRD 060 peak be resolved to determine that the smectite was dioctahedral. In other samples, interference from diffraction peaks from other minerals prevented determination of the nature of the smectite using XRD. On Mars, the CheMin instrument does not measure to sufficiently high 2q angles (72 -74 required for Co radiation) to be able to measure this diagnostic feature nor can preparations with ethylene glycol be used to identified interstratified phases. Hence, a complimentary spectroscopic capability is best for determination of the octahedral cations (Fe/Mg versus Al) in smectite clays, even when in situ XRD mineralogic measurements are possible.
[57] The present generation of XRD technology measures ground, powdered samples, i.e., analyses are destructive. Our simple analysis of isolates from vesicle/fracture fills demonstrates that the ability to examine VNIR or TIR spectra from different portions of a rock at small scales (preferably nondestructively, unlike this study) permits identification of a greater number of minerals relative to what is possible from whole-rock spectra alone. This highlights the potential value of in situ instruments for small-scale spectroscopy that would permit mineralogic identifications at spatial scales of hundreds of micrometers [e.g., Grady, 2006; Bibring and the Micromega Team, 2008] . Although this capability does not replace the capabilities of laboratory analyses, e.g., electron microprobe, it provides a means of rapid, non-destructive analysis of the small-scale textural relationships between mineral phases that may elucidate the style of alteration and changes in fluid composition with time. Preservation of petrographic texture is key in discriminating clay formation environment on Earth and Mars [Michalski et al., 2010a] .
Conclusions
[58] VNIR spectra from hydrothermally altered and weathered lava flows in Iceland possess spectral signatures similar to those measured from Mars orbit. XRD analyses show that the bulk material in the Icelandic samples is smectite-bearing, and as little as 10% smectite is recognizable in VNIR spectra of these altered mafic rocks. Other alteration minerals such as zeolites, celadonite, and silica phases are concentrated primarily in vugs or fractures. Bulk-rock chemical data show scant evidence for chemical fractionation, but TIR and VNIR spectroscopy and XRD measurements identified distinctive assemblages of hydrous silicate minerals formed in distinctive alteration environments. High spatial resolution mineralogical and chemical data sets were useful for understanding the texture and distribution of alteration products and variations in chemistry of altering fluids. Non-destructive means of making these measurements in petrographic context should be incorporated on future landed missions. XRD was found to provide the most complete and accurate quantitative determination of sample modal mineralogy; however, VNIR spectroscopy was the in situ technique most useful for identification of the composition of smectite clays at low abundance and TIR spectroscopy was the most useful for recognizing hydrated silicates in thin surface coatings.
[59] The full sample mineralogy is not completely captured by VNIR spectroscopic data because of masking of some minerals' signatures by others. TIR spectroscopic data are sensitive to alteration but in this case provide inaccurate Figure A1 . XRD patterns of bulk-rock and vesicle/fracture fill powdered samples from Icelandic rocks. The smectite 00' peak near 2theta = 6 degrees is occasionally asymmetric, as in icel009 and icel010, because variable smectite hydration under ambient conditions results in variable interlayer spacing. Analyses with the NewMod program indicate <10% interstratified phase (section 4.1.1) quantitative compositional estimates because of nonlinear mixing effects and differences between library and sample silicate composition and crystallinity. Nevertheless, spectral data capture the principal mineralogic diversity, and provide a means of rapidly assessing the extent and nature of past alteration. Examination of rocks from Mars orbit, even at large scales, similarly should provide effective information on the mineral assemblages present on the surface. XRD quantitative mineralogy along with geochemistry of samples measured here may be similar to what a rover mission would measure with in situ instruments at some of Mars' largest clay-bearing terrains. This study highlights the importance of groundtruthing spectral data from Mars and improving techniques for quantitative remote determination of modal mineralogy. This study also demonstrates how spectroscopy can provide most of the information about key mineral assemblages and, especially for low abundance smectite-bearing materials, provide important supplemental compositional information for interpreting in situ XRD and geochemical analysis. Use of a combination of measurements to characterize the mineralogy of alteration on Mars lends confidence to inferences of past environmental processes. Understanding the linkages between remote spectroscopic and in situ data will be critical to successful traverse planning, data interpretation, and understanding past environmental conditions on Mars.
Appendix A
[60] Library thermal emission spectra used in non-negative least squares unmixing of thermal emission data from the Icelandic samples (see section 3.4 and 4.4.2) are listed in Table A1 . XRD patterns used in relative-intensity-ratio and Rietveld refinement determinations of modal mineralogy (see section 4.1) are provided in Figure A1 . Bulk rock major element compositions for the samples discussed in section 4.2 are tabulated in Table A2 . 
